Msg1 and Mrg1 are founding members of a gene family which exhibit distinct patterns of gene expression during mouse embryogenesis. Sequence analysis reveals that these genes are unlike any other gene identified to date, but they share two near-identical sequence domains. The Msg1 and Mrg1 expression profiles during early development are distinct from each other. Msg1 is predominantly expressed in nascent mesoderm, the heart tube, limb bud and sclerotome. Intriguingly, Msg1 expression is restricted, within these developing mesodermal sites, to posterior domains. Mrg1 is expressed prior to gastrulation in the anterior visceral endoderm. Expression is maintained in the endoderm once gastrulation has begun and commences in the rostralmost embryonic mesoderm which underlies the anterior visceral endoderm. Mrg1 expression persists in this rostral mesoderm as it is translocated caudalwards during the invagination of the foregut and the formation of the heart. Later Mrg1 expression predominates in the septum transversum caudal to the heart. This expression pattern suggests that the septum transversum originates from the rostralmost embryonic mesoderm which first expressed Mrg1 at the late primitive streak stage.
Introduction
Gastrulation is a phase of extensive cytodifferentiation, morphogenesis and pattern formation and so to understand the molecular basis of mouse gastrulation it is important to identify genes which are differentially expressed as new tissues are formed and interact with each other. To this end, a series of cDNA libraries were constructed from the three definitive germ layers and the primitive streak of 7.5-dpc mouse embryos (Harrison et al., 1995) . Subtracted libraries were generated to identify genes differentially expressed in the streak and the emerging definitive embryonic tissues and several novel genes showing tissue-and domain-specific expression were identified (Harrison et al., 1995; Dunwoodie et al., 1997) . Here we describe a further gene ER154 which shares no homology to any known class of gene implicated in embryogenesis, and which is expressed predominantly in a subset of mesoderm derivatives. Using sequence comparison, a homologue of ER154 (ER154-like) was identified in the database and here we also document its expression pattern, which is quite different from that of ER154. Most notably, ER154-like transcripts are restricted to the anterior visceral endoderm prior to gastrulation.
A mouse melanocyte-specific gene (Msg1) has recently been reported which corresponds to ER154. In addition, a human MSG1-related gene (MRG1) was identified which represents the human homologue of ER154-like (Shioda et al., 1996) . Despite their somewhat misleading nomenclature, which implies melanocyte specificity, we hereafter refer to ER154 as Msg1 and to ER154-like as Mrg1.
Here we describe the identification and sequence analysis of Msg1 and Mrg1, the founding members of a new family of genes. Both of these genes are expressed during mouse embryogenesis in distinct and restricted sites, suggesting that each plays a role during embryogenesis.
Results

Isolation of Msg1 and Mrg1
A subtracted primitive streak cDNA library (Primitive Streak library minus Ectoderm and Endoderm libraries) was used to identify genes expressed in the primitive streak during the early stages of gastrulation (Dunwoodie et al., 1997) and Msg1 represented one of several novel genes identified in this screen. We identified murine Mrg1 via sequence homology using the IMAGE Consortium. Northern blot analysis demonstrated that the mouse Msg1 generated two transcripts consisting of approximately 1000 and 1300 nucleotides (Fig. 1A) . The shorter transcript was readily detected in undifferentiated embryonic stem (ES) cells, 11.5-dpc embryos and 11.5-dpc placenta, and just detectable in adult heart. The longer transcript was detected only in 11.5-dpc embryos. Mrg1 generated a transcript of approximately 2000 nucleotides which was detected in 11.5-dpc embryos and placenta, 15.5-dpc embryos and undifferentiated ES cells (Fig. 1B) .
The Msg1 cDNA consists of 882 nucleotides and contains an open reading frame (ORF) of 203 amino acids as described by Shioda et al. (1996) . The full length Mrg1 cDNA sequence was pieced together following the sequencing of four overlapping IMAGE clones which each contained a poly-A tail. It consists of 1943 nucleotides and contains an ORF of 269 amino acids ( Fig. 2A) . Fig. 2B indicates, following complete sequence analysis, how the individual cDNA clones align, and shows that, while the 3′UTR for each clone is identical in sequence, they differ in nucleotide number. A117983 and W15571 have a 3′UTR of 917 nucleotides while AA020030 and AA023157 have shorter 3′UTRs of 192 and 78 nucleotides, respectively. The truncated 3′UTRs terminate next to stretches of adenine residues (see Fig. 2A ), suggesting that these clones arose due to the oligo dT primer hybridising at different polyadenine stretches during reverse transcription. Northern blot analysis (Fig. 1B) did not reveal variation in transcript length and therefore the differences between the 3′UTRs of these cDNAs is probably artifactual. The four IMAGE cDNAs differed in the coding region, suggesting that the primary transcript is alternatively spliced. AA023157 contains an entire coding region which includes all three regions denoted A, B and C. The other cDNAs are 5′ truncated and so do not contain a complete ORF but they also clearly lack some of the defined regions. AA020030 for example, is missing regions B and C while W15571 is missing regions A and B. Fig. 2C shows an amino acid sequence alignment for Msg1 and Mrg1 from both mouse and human and shows that two regions of extensive identity exist between the four genes, 86% within region 1 and 79% within region 2. The ORF for the mouse and human Msg1 genes are similar in length (203 and 193 amino acids) and the human gene is 80% identical to the mouse gene. This is in contrast to Mrg1 where the length of the ORF differs, the mouse Mrg1 consisting of 269 amino acids and that of the human having 213 amino acids. This difference in ORF length is because the human MRG1 (Shioda et al., 1996) lacks regions B and C, which are present in mouse Mrg1 and therefore the reported MRG1 may represent one of the splice variants identified in the mouse Mrg1 gene. When regions B and C are excluded, the ORF of mouse Mrg1 is 99% identical to that of the human MRG1.
Embryonic Msg1 expression
Msg1 expression was not restricted to melanocytes, as stated by Shioda et al. (1996) because transcripts were evident in embryonic and extraembryonic tissues during gastrulation in the mouse. Msg1 was expressed in the extraembryonic endoderm lineages, including embryonic visceral endoderm (VE) and visceral yolk sac (VYS) endoderm. In the embryo, it was expressed in mesoderm, including nascent mesoderm, the linear heart tube, the limb buds and the sclerotome. Within these tissues, Msg1 trans- Approximately 2.5 mg of Poly (A)+ RNA was size fractionated in each case and hybridised to a radiolabelled cDNA probe. (A) A 1-kb transcript was detected in RNA isolated from undifferentiated ES cells, 11.5-dpc embryos, 11.5-dpc placenta and adult heart. A 1.3-kb transcript was also detected in 11.5-dpc embryos (arrows). (B) A 2-kb Mrg1 transcript was detected in RNA isolated from undifferentiated ES cells, 11.5-dpc embryos, 11.5-dpc placenta and 15.5-dpc embryos. IMAGE cDNAs following complete sequence analysis of each clone. The complete mouse Mrg1 cDNA is at the top, the ORF is boxed with regions A, B and C labelled and the nucleotide (plain text) and amino acid (italics) residue numbers are indicated. The four cDNAs are aligned below the complete Mrg1 cDNA; the database accession number and the number of nucleotides (brackets) are shown on the right. (C) Comparison of predicted Mrg1 and Msg1 amino acid sequences for mouse and human genes. The alignment was generated using the Multal alignment program (Taylor, 1988) . Amino acids identical to all four genes are shaded, with other identical residues boxed. The two main blocks of homology, regions 1 and 2, are indicated and for Mrg1, regions A, B and C are indicated. The amino acid number is given to the right of the sequence. The EMBL accession number for mouse Mrg1 is Y15163. cripts showed a preference for accumulation in posterior domains.
Msg1 gene expression in nascent mesoderm
Immediately prior to gastrulation, Msg1 was expressed throughout the embryonic and extraembryonic VE and in the extraembryonic ectoderm (data not shown). By the mid primitive-streak stage, expression in the embryonic VE was asymmetrical, extending slightly further distally on the posterior side of the egg cylinder (Fig. 3A) . At later stages, Msg1 transcripts were abundant in the VYS endoderm (Fig. 3C ) and the ectodermal component of the chorion (data not shown).
Msg1 was first detected in epiblast derivatives at the fulllength primitive-streak stage. This was clear in embryos where the visceral endoderm was removed prior to RNA in situ hybridisation, when Msg1 expression was evident in the most posterior part of the primitive streak and nascent mesoderm (Fig. 3B) . By the early headfold stage the domain of expression in nascent mesoderm had expanded along the length of the primitive streak ( Fig. 3C ) but no transcripts were evident in the more mature mesoderm underlying the neural folds (Fig. 3D ). Transcripts persisted in the primitive streak and its derivative, the tail bud until at least the 35-somite stage (Fig. 5C ).
Msg1 is expressed in the posterior of the linear heart tube
The heart is the first organ to develop in vertebrates and its genesis is rapid, the heart becoming functional, and circulation established, in the mouse by early somite stages (Kaufman and Navaratnam, 1981; DeRuiter et al., 1992) . The horse shoe-or crescent-shaped cardiogenic plate (future myocardium) differentiates from the anterior splanchnic mesoderm prior to somite formation. Ventral to this, endothelial cells arise and coalesce forming the future endocardium. As the foregut invaginates and the head-folds increase in size, the promyocardium shifts first rostrally and then ventrally, engulfing the proendocardium. This translocation of tissue produces paired primordial heart tubes which rapidly fuse, between the 4-and the 6-somite stage, creating a linear heart tube at the embryonic midline. During this time the linear tube shifts to the left and begins to fold (see Biben and Harvey, 1997) . The folding of the linear tube brings into juxtaposition distinct regions of heart tissue, placing, for example, the future right and left ventricular chambers next to one another, when prior to looping the right ventricle lay rostral to the left (Stalsberg and De Haan, 1969) . Once the heart regions have been realigned, considerable refinement of the structure takes place, as the simple tubular heart Fig. 2b. with its single lumen is subdivided into four chambers (see Markwald et al., 1996) .
Msg1 expression was first detected in the crescent-shaped cardiogenic plate at the 2-somite stage (Fig. 4A) . A transverse section through a similar, but slightly later-stage, embryo showed transcripts localised to the ventral myocardium but absent from the adjacent endoderm and endocardium (Fig. 4F) . During fusion of the primordial heart tubes, Msg1 expression was restricted to the posteroventral aspect of the newly-formed linear heart tube ( Fig. 4B,C) . Fatemapping studies show that this region gives rise to the left ventricle (Stalsberg and De Haan, 1969) . At the 9-somite stage, when folding of the heart has commenced, this medial domain of expression was shifted to the left, corresponding to the position of the future left ventricle (Fig. 4D ,E). Only much later (28-somite stage) were Msg1 transcripts detected in the future right ventricle and, at low levels, in the atria ( Fig. 4G ). At all stages Msg1 expression was restricted to the myocardium, extending into the trabeculae as they formed within the ventricles (Fig. 4H ).
Msg1 is expressed in the posterodorsal limb mesoderm
In the mouse the limb buds develop opposite somites 7 to 13 and 27 to 31 (Milaire and Mulnard, 1984) due to differential cell proliferation in the lateral mesoderm (Searls and Janners, 1971) . Msg1 transcripts were present in bilateral strips of lateral mesoderm adjacent to somites 6 to 10 at the 12-somite stage, presaging the formation of the forelimb bud (Fig. 5A ). Subsequently, Msg1 was expressed throughout the mesoderm of the stage-1 limb bud (Fig. 5B , staging according to Wanek et al., 1989) with slightly higher levels of transcript accumulation distally (data not shown). Msg1 continued to be expressed in the mesoderm and by limb bud stage 3, transcripts were localised to a posterior domain which extends along the entire proximodistal axis (Fig.  5C ). Intriguingly, this posterior domain is restricted to the dorsal half of the limb bud, producing a very sharp dorsoventral expression boundary (Fig. 5D ).
Cartilaginous condensations appear by late limb bud stage 4 beginning with the formation of the stylopodial and zeugopodial elements proximally, and followed later by the digits distally. The entire skeletal pattern of the limb is complete by limb bud stage 12. Msg1 expression remained posterior and dorsal at least until limb bud stage 7 but the expression domain no longer demarcated the most posterior aspect of the limb bud, nor did it extend to the distal tip (Fig. 5E ). By stage 8 of limb-bud development Msg1 transcripts occupied an extended y-shaped domain which does not correspond to any obvious cartilaginous or muscular elements ( Fig. 5F ; Wanek et al., 1989) . The expression of Msg1 during hindlimb development mimicked the pattern described for the forelimb, although the level of transcripts appeared somewhat lower.
Msg1 expression in sclerotome and other sites
Msg1 transcripts were abundant in the presomitic mesoderm and the most recently formed somites (Fig. 5A,B) . Expression in more mature somites was restricted to the posterior aspect of the sclerotome (Fig. 5B ,G) along the length of the trunk (Fig. 5C ). This corresponds to the part of the sclerotome which excludes neural crest cells and motor axons (Rickman et al., 1985; Bronner-Fraser, 1986) . Msg1 transcripts were also detected at a number of other sites within the developing embryo. Transcripts were detected in the cranial neural crest and branchial arches (Fig. 5B ), the Wolffian ducts (Fig. 5H) , the hepatic primordia and the cystic (gall bladder) primordium (data not shown). By 13.5 dpc Msg1 expression was still detected in the limb, heart, tail bud and branchial arches, but not in the somite derivatives of the trunk or the liver ( Fig. 5F ; data not shown). In the adult, Msg1 transcripts were detected only in the heart and testis ( Fig. 1A ; Shioda et al., 1996) .
Mrg1 expression during early embryogenesis in the mouse
The early expression pattern of Mrg1 was striking because transcripts accumulated in anterior VE prior to gastrulation. Subsequently, during the later stages of gastrulation, Mrg1 transcripts appeared in the mesoderm which was in the closest proximity to anterior VE. This anterior mesoderm continued to express Mrg1 during the early stages of heart development, and expression persisted in the myocardium and the septum transversum.
Asymmetrical Mrg1 expression prior to and during gastrulation
At 5.5 dpc before the onset of gastrulation, Mrg1 was expressed in VE with higher levels of transcripts evident in a ring of proximal embryonic VE (Fig. 6A ). Within this ring of expression, accumulation of transcripts was greatest in a small coherent patch of VE cells (Fig. 6B ), presumed to correspond to the most rostral embryonic VE because once the primitive streak has formed, endodermal Mrg1 expression was always on the opposite side of the embryo from the streak (Fig. 6C,D) . Restricted Mrg1 expression was still evident in a proximoanterior region at the late primitive streak and early neural plate stages (Fig.  6E) . By the neural plate stage, expression was restricted to the most proximoanterior endoderm and adjacent mesoderm, immediately rostral to the cranial neural folds (Fig.  6E,F) .
Mrg1 is expressed during heart development
As described above, the future myocardium differentiates from the crescent-shaped cardiogenic plate which forms at the head-fold stage prior to somite formation. Mrg1, like Msg1, was expressed in this anterior crescent of cells (Fig.  7A) . Careful examination at this stage also showed Mrg1 transcripts localised to a strip of mesoderm at the midline which lay just anterior to the neural folds abutting the origin of the amnion (Fig. 7A,B) . Transverse sections through this embryo confirmed that the crescent-shaped domain lies within the paired cardiac primordia (Fig. 7H) and that Mrg1 transcripts were localised to mesodermal tissue abutting the neuroectoderm at the junction of the VYS endoderm and amnion (data not shown and see Fig. 8 ). Once foregut invagination had commenced, Mrg1 transcripts remained adjacent to the invaginating endoderm (Fig. 7C,I ) and as development proceeded, ventral views of intact embryos clearly showed two bands of expression adjacent to the invaginating foregut endoderm (Fig. 7D,E) . Longitudinal sections demonstrated that the two bands of expression seen in whole embryos represented the accumulation of transcript, at two sites, (1) in the splanchnic mesoderm and myocardium adjacent to the origin of the VYS and (2) in the presumptive myocardium lying next to the more anterior foregut (Fig. 7J) . The gap which is evident between the two bands of expression so clearly seen in whole embryos (Fig. 7D,E) is caused by the apparent downregulation of Mrg1 in most of the intervening presumptive myocardium (compare Fig. 7I and J) . The rostral and caudal extremities of the presumptive myocardium are brought together, first at the midline, as the myocardium engulfs the endocardium to form the heart tube. Thus, at the 8-somite stage, only a single band of Mrg1 expression is evident at the midline (Fig. 7E) , because the two domains of Mrg1 expression are now juxtaposed (Fig. 7K ). More laterally, the two bands of Mrg1 expression were still apparent, because encirclement of the endocardium by the myocardium was still in progress (Fig. 7E) . By the 9-to 12-somite stage Mrg1 transcripts were detected only at a single site, caudal to the heart, in the splanchnic mesoderm-derived septum transversum (Fig.  7G) . Thus the expression of Mrg1 provides a vivid picture of how rostrocaudal relationships of the presumptive myocardium and septum transversum are reversed due to foregut invagination and cranial neural fold expansion (Fig. 8) and indicates that the septum transversum is derived from the most anterior embryonic mesoderm of the gastrulating embryo.
Additional sites of Mrg1 expression
During the early stages of gastrulation, Mrg1 transcripts were detected at low levels in the head process and nascent mesoderm (Fig. 6C,D) . During foregut invagination, transcripts were detected in cranial neuroectoderm in the presumptive mid-and hind-brain regions (Fig. 7F,G) . Expression was relatively widespread throughout the embryo by the 8-somite stage but elevated transcript levels were apparent in dorsal cranial neuroectoderm and in cranial mesenchyme (probably migrating neural crest, Fig. 7L ). In addition, elevated expression was detected in presomitic and somitic mesoderm with the highest level of transcripts apparent dorsally (Fig. 7G,M) . Transcripts were also evident in blood islands of the VYS (Figs. 6E and 7A,I,J) . Mrg1 transcripts were detected throughout the embryo from 8.5 dpc (Fig. 7G and data not shown) , which is consistent with the ubiquitous expression of this gene in adult tissues (Shioda et al., 1996) .
Discussion
A comparison of Msg1 and Mrg1
Msg1 and Mrg1 appear to constitute the first members of a new conserved gene family. These genes are highly homologous across two domains (regions 1 and 2, see Fig. 2C ) but share no homology with any other previously described class of gene. Region 1 (which is 86% identical between Msg1 and Mrg1) consists of polar and hydrophobic amino acids while region 2 (which is 72% identical between Msg1 and Mrg1) contains predominantly acidic and hydrophobic amino acids. The prediction is that region 2 forms an amphipathic a-helical structure suggesting a role in transcriptional activation (Shioda et al., 1996) . A role in transcriptional regulation is consistent with the finding that antiserum raised against a C-terminal peptide of Msg1 localises the protein to the nucleus (Shioda et al., 1996) .
A number of Mrg1 cDNAs have been analysed whose ORFs contain different domains (see Fig. 2B ) and the fact that the 3′UTR sequence for each of the four cDNAs identified are identical suggests that at least three isoforms can be generated from the gene. The expression pattern presented for Mrg1 would not discriminate between any of these forms because the antisense probe was derived from clones AA117983 and W15571 (Fig. 2B) . In due course it may be informative to determine if these isoforms are temporally or spatially regulated during development, but since regions A, B and C are quite small such an analysis may not be straightforward.
Msg1 expression in developing mesodermal derivatives
A recurring theme of Msg1 expression is seen during the development of the heart, limb bud and sclerotome. In each case, Msg1 is expressed initially throughout the mesoderm which will give rise to each of these structures, but as their development continues the expression is refined, becoming restricted to a posterior domain. No other gene is known to be expressed selectively in posterior regions of all of these three structures. This might suggest common elements of anteroposterior patterning in these tissues or indicate that posterior tissues in these structures share common cell biological properties.
Msg1 is initially expressed throughout the cardiogenic plate but is then restricted to a posteroventral domain in the linear heart tube, which as a result of looping is displaced sinistrally corresponding to the position of the future left ventricle. To date eHAND, a basic helix-loop-helix transcription factor, is the only other gene identified with a similar pattern of expression in the heart (Biben and Harvey, 1997) . Genetic studies using Nkx2.5 −/− embryos, in which heart-looping fails to occur (Lyons et al., 1995) , indicate that eHAND is in the same genetic pathway as Nkx2.5 (Biben and Harvey, 1997) . This is supported by a very detailed study of gene expression which demonstrates that just before the heart begins to loop, eHAND expression shifts slightly to the left (Biben and Harvey, 1997) . A similar sinistral shift of the Msg1 expression domain has been observed prior to looping of the heart (data not shown), but confirmation of this gene's role in heart-looping will require mutational analysis. Both Msg1 and eHAND continue to be expressed once looping is complete, predominantly in the left and right ventricles and at low levels in the atria, suggesting that both genes continue to confer spatial identity. Thus, the early and sustained subdivision of the heart tube into distinct domains, defined by Msg1 and eHAND expression, may be a prerequisite for later differential gene regulation associated with distinct contractile properties. Msg1 transcripts accumulate in the lateral mesoderm before there is any morphological evidence of limb-bud outgrowth (Fig. 5A) . FGFs can induce ectopic limb-bud formation in the chick (Cohn et al., 1995; Crossley et al., 1996) and mouse (Abud et al., 1996) . Fgf8 is a candidate for the natural inducer of limb-bud outgrowth because it is expressed in surface ectoderm overlying the presumptive limb bud (Crossley and Martin, 1995; Crossley et al., 1996) . In the mouse, the earliest that FgF8 transcript accumulation has been detected in this surface ectoderm is at the 17-somite stage (Mahmood et al., 1995) . This is later than the accumulation of Msg1 transcripts, at the 12-somite stage, in the lateral mesoderm corresponding to the forelimb bud domain (Fig. 5A) . If Fgf8 is responsible in the mouse for inducing the limb bud, then its action appears to be preceded by some prior patterning of the lateral mesoderm exposed by the expression of Msg1. As the limb bud extends distally, Msg1 expression becomes restricted to a precise posterodorsal domain which extends along the proximodistal axis. Wnt7a and Engrailed1 are expressed in the dorsal and ventral limb-bud ectoderm, respectively (Davidson et al., 1988; Dealey et al., 1993; Parr et al., 1993) . Consistent with their expression domains, mutational analysis in the mouse shows that they are necessary for patterning the limb bud along the dorsoventral axis (Parr and McMahon, 1995; Loomis et al., 1996) . Wnt7a expression in the dorsal ectoderm induces Lmx1 in the underlying dorsal limb-bud mesenchyme and ectopic expression of Lmx1 in the chick produces limbs which are completely dorsal in character (Riddle et al., 1995; Vogel et al., 1995) . In the limb-bud mesenchyme, the expression domain of Msg1 overlaps with that of Lmx1 and Shh. Shh is restricted to a small posterior patch of mesenchyme and conveys critical patterning information along the anteroposterior axis of the limb (Riddle et al., 1993) . Correct patterning of the limb requires integration of information pertaining to all three axes (see Tickle, 1996) and it is possible that Msg1 is involved in the integration of posterior and dorsal information. However, there are no obvious cell biological differences, such as proliferation or adhesive properties, documented for the cells expressing Msg1 in the limb, which might explain the mechanisms of such an integrative function.
As in limb development, Msg1 is expressed at the beginning of somite development with high levels of transcript accumulation in the presomitic mesoderm and throughout the nascent somite, but as the somite differentiates into dermomyotome and sclerotome, expression becomes restricted to the posterior sclerotome. This half of the sclerotome excludes migrating neural crest cells and motor axons, probably due to the differential expression of Eph receptors and ligands in anterior and posterior somite compartments (Krull et al., 1997) . Anteroposterior differences in the sclerotome are also important in the formation of the vertebrae because each vertebra is formed by fusion of the posterior half of one sclerotome with the anterior part of the adjacent sclerotome (Hamilton and Mossman, 1972; Stern and Keynes, 1987) . Thus the characteristic metamerism of the vertebral skeleton requires maintenance of anteroposterior identity within each somite over a relatively prolonged period. The persistent expression of Msg1 in posterior sclerotome may play a role in such positional information.
Does anterior mesodermal identity originate in the AVE?
The anterior visceral endoderm (AVE) has been shown to be important in the normal development of the anterior central nervous system (Thomas and Beddington, 1996; Varlet et al., 1997) . The expression pattern of Mrg1 suggests that the AVE may also play a role in patterning anterior mesodermal tissues such as the heart and septum transversum. Consistent with such a notion is the observation that genetic perturbations which compromise early forebrain development, and may originate in the primitive endoderm lineage, often tend to result also in cardiac abnormalities (e.g. Acampora et al., 1995; Matsuo et al., 1995; Ang et al., 1996; Pöpperl et al., 1997) .
Mrg1 is expressed in a very small anterior domain of the AVE which immediately abuts the extraembryonic junction. Unlike genes such as Hex (Thomas et al., 1998a) and cerberus-like (Belo et al., 1997; Thomas et al., 1998b) which are also first expressed in the AVE, Mrg1 is not expressed in the anterior gut endoderm when it replaces the AVE. Instead Mrg1 transcripts appear in the rostralmost mesoderm of the embryo and appear to persist in this tissue as it goes on to form the myocardium and septum transversum. The brief coincidence of AVE and mesodermal expression at the rostral extreme of the embryo suggests that the AVE may induce Mrg1 expression in the mesoderm. If the continued expression of Mrg1 in prospective myocardium and septum transversum, which can be traced continuously from late streak stages, reflects true cell lineage descendancy, as seems likely, this indicates that the septum transversum constitutes the most rostral mesoderm derivative in the embryo. Furthermore, the expression of Mrg1 vividly illustrates how the rostrocaudal disposition of the myocardium and septum transversum reverses during foregut invagination (Figs. 7 and 8) .
The septum transversum is thought to play a number of roles during embryogenesis. One is to release cells rostrally into the pericardial cavity and these cells are thought to attach to the myocardium and spread over the surface of the heart to form the epicardium (Viragh and Challice, 1981; Komiyama et al., 1987; Kuhn and Liebherr, 1988; Munzo-Chapuli et al., 1994) . In addition, it has been claimed that the septum transversum serves as a source of haemopoietic stem cells (Emura et al., 1983) . Finally, there is evidence that it is responsible for inducing the liver primordium from the ventral foregut endoderm (Le Douarin, 1975) . Interestingly, the liver appears to be derived from the anteriormost gut endoderm (Thomas et al., 1998a) , which replaces the AVE during gastrulation and comes to reside next to the Mrg1-expressing mesoderm at late streak stages. Thus, one can envisage a series of reciprocal tissue interactions at the rostral extreme of the embryo initiated by the extraembryonic endoderm lineage. The AVE induces distinct identity in the rostral mesoderm (demarcated by Mrg1 expression) and this mesoderm in turn provides anterior gut endoderm with the necessary cues for liver development. Certainly GATA-4 function is first required in the visceral endoderm for normal heart development (Narita et al., 1997) . Such sequential and reciprocal interactions, initiated by the AVE, have also been invoked to explain specification of the forebrain and the gut endoderm which immediately underlies it (Thomas and Beddington, 1996) .
Experimental procedures
Identification of cDNAs
The Primitive Streak minus Ectoderm and Endoderm subtracted cDNA library (Dunwoodie et al., 1997) was hybridised to 10 000 gridded clones from the Embryonic Region library (Harrison et al., 1995) . Hybridising clones were sequenced and Msg1 represented a novel cDNA. Mrg1 cDNA was identified via sequence homology using the IMAGE (Integrated molecular analysis of genomes and their expression) Consortium (Lawrence Livermore National Laboratory). Four IMAGE clones were obtained from the following mouse cDNA libraries: AA117983, 7.5-dpc embryonic region (Harrison et al., 1995) ; W15571, 19.5-dpc embryo; AA020030 and AA023157, 13.5-14.5-dpc placenta. Mrg1 is expressed in two bands of mesoderm corresponding to two sites where the future myocardium adjoins the splanchnic mesoderm. Site 1 is rostral (black arrowhead) and corresponds to the future septum transversum. Site 2 is caudal (white arrow). In (E) the two bands of Mrg1 expression are apparent laterally but in the midline only a single band of expression exists. The foregut diverticulum is indicated with an unfilled arrowhead. (F) Lateral view of embryo in (E) shows two bands of Mrg1 expression at the caudal aspect of the heart. Site 1 is rostral (presumptive septum transversum; black arrowhead) and site 2 is caudal (white arrowhead). Mrg1 expression is also detected in cranial neuroectoderm in presumptive midbrain and hindbrain (black arrows). (G) Lateral views of 9 (left) and 12 (right) -somite stage embryos. Mrg1 transcripts are now clearly evident in the septum transversum (black arrowheads), in cranial neural crest, in paraxial mesoderm and at an elevated level in the most recentlyformed somites. (H) Transverse section through the embryo in (A). Mrg1 transcripts are localised to presumptive cardiac mesoderm (arrowheads). (I) Midline sagittal section of 2-somite embryo showing transcripts localised to the presumptive septum transversum and presumptive myocardium (bracket) and to blood islands (arrow). (J) Midline sagittal section of embryo shown in (D) shows Mrg1 transcripts at site 1 (black arrowhead; also marks site of presumptive septum transversum) and site 2 (white arrow), these two sites correspond to the extremities of the myocardium. Transcripts are also detected in the blood islands (black arrow). (K) Midline sagittal section of embryo shown in (E). The myocardium has almost completely engulfed the endocardium bringing the Mrg1 expressing sites 1 (black arrowhead) and 2 (white arrow) into close proximity. Mrg1 is still strongly expressed, at site 1, in the septum transversum (st) and adjacent myocardium (m) but only low levels of transcript persist at site 2. 
Northern blot analysis
Total RNA was isolated from 11.5-dpc and 15.5-dpc whole embryo, 11.5-dpc placenta and from CGR8 ES cells (Wilson et al., 1993; Mountford et al., 1994) according to Chomczynski and Sacchi (1987) . Poly(A) + RNA was isolated using the poly-ATract system (Promega). The Msg1 cDNA probes comprised the coding region from amino acid 40-154 and was generated by PCR. The Mrg1 cDNA probe included both coding and 3′UTR (622-1943 nucleotides) and was derived from AA117983 using a NotI/EcoRI restriction digest. Fragments were gel-purified using QIAEX gel extraction (QIAGEN) and a[ 32 P]dCTP incorporated using a Random-Primed DNA Labelling Kit (Boehringer Mannheim). RNA was denatured and size-fractionated (1% agarose, 2.2 M formaldehyde), transferred to a nylon membrane (Hybond-N+), cross-linked to the membrane by exposure to UV light and hybridised according to Sambrook et al. (1989) using 1 × 10 6 cpm/ml of hybridisation buffer.
Embryo recovery
Embryos were collected from timed C57BL6 × DBA matings. Noon on the day of appearance of the vaginal plug is designated 0.5 dpc. Embryos were dissected from the uterus and Reichert's membrane removed, as described by Beddington (1987) , in M2 medium (Hogan et al., 1994) containing 10% foetal calf serum (FCS, Advanced Protein Products) instead of bovine serum albumin. Embryos for whole-mount RNA in situ hybridisation were rinsed in phosphate-buffered saline (PBS) and fixed in 4% paraformaldehyde (PFA) in PBS. Embryos for RNA isolation were immediately dissolved in denaturing solution (Chomczynski and Sacchi, 1987) . Endoderm was removed prior to whole-mount RNA in situ hybridisation using proteolytic enzyme digestion, followed by mechanical dissection (Beddington, 1987) .
RNA in situ hybridisation to mouse embryos
Antisense riboprobes were transcribed according to Wilkinson (1992) . Riboprobes were derived from the full-length Msg1 cDNA and for Mrg1 from clones AA117983 or W15571. Both riboprobes revealed the same pattern of Mrg1 transcript accumulation. Whole-mount RNA in situ Fig. 8 . A schematic representation of the anterior aspect of the mouse embryo between 7.5 and 9.0 dpc shows the translocation of anterior tissues during foregut invagination and cranial neural fold expansion. At 7.5 dpc, the presumptive septum transversum (red) lies at the junction where the VYS and the amnion meet. The integrity of this junction is maintained during neural fold formation and foregut invagination such that the prospective septum transversum comes to lie caudal to the heart at 9.0 dpc. At 7.5 dpc the presumptive cardiac mesoderm (orange) lies caudal to the presumptive septum transversum, but as a result of foregut invagination it ends up rostral to the septum transversum.
hybridisation was carried out according to Wilkinson (1992) using the hybridisation conditions of Rosen and Beddington (1993) . The length of proteinase K treatment varied, 5.5-6.5 dpc (5 min), 7.0-8.5 dpc (10 min), 9.0 dpc and older (15 min). Embryos were post-fixed in 4% paraformaldehyde, 0.1% glutaraldehyde in PBS.
Embryo sections
After whole-mount RNA in situ hybridisation, embryos were processed for paraffin sectioning by dehydration through an ethanol series, cleared in Histoclear (National Diagnostics) and embedding in paraffin wax (Histoplast, m.p. 56°C). Sections were dewaxed in Histoclear (5 min) and mounted under coverslips in DPX mountant (BDH).
Photography
Low-power photographs were taken using a dissecting microscope (Nikon), higher-power photographs were taken in a compound microscope (Zeiss Axiophot) using tungsten film (Kodak 64T).
Note added in proof
MSG1 and MRG1 fused to the GAL4 DNA-binding domain activate transcription in mammalian cells. Shioda, T., Fenner, M.H., Isselbacher, K.J., 1997. MSG1 and its related protein MRG1 share a transcription activating domain. Gene 204, 235-241.
